Abstract: Three growth-based survival mechanisms were tested for multiple cohorts of 1 Japanese anchovy Engraulis japonicus larvae in Sagami Bay. Through otolith 2 microstructure analysis, growth trajectories and histories of samples of the survivors 3 were compared with those of the original populations to examine size-and 4 growth-selective mortality to test the "bigger is better" and "growth-selective predation" 5 mechanisms, respectively. The effects of growth rates on the timing of metamorphosis 6 were examined to test the "stage duration" mechanism. The "bigger is better" and 7 "growth-selective predation" mechanisms were detected to be effective in 2 and 6 of 8 8 seasonal cohorts, respectively. Results contrary to the "bigger is better" and 9 "growth-selective predation" mechanisms were obtained from 3 and 2 of 8 cohorts, 10 respectively. The "stage duration" mechanism was evaluated to be effective for both of 11 2 cohorts which were testable. Overall, none of the three mechanisms was universally 12 appropriate for all of the cohorts. The relative contributions of the three mechanisms 13 were dynamic, although the "growth-selective predation" mechanism was identified to 14 be the major one in anchovy larvae in the study site.
Back-calculated daily SL versus calendar date (growth trajectory) and growth rate 1 versus calendar date or daily age (growth and history) allow testing of the three 2 functional mechanisms of the "growth-survival" paradigm. For each mechanism to be 3 effective, several conditions need to be satisfied in theory, as follows. The "bigger is 4
better": (1) positive relationship between growth rate and somatic size within the 5 population and (2) negative size-selective mortality; the "growth-selective predation": 6
(1) negative growth-selective mortality at the same somatic size and (2) predation as the 7 direct source of mortality; the "stage duration": (1) negative relationship between 8 growth rate and larval stage duration and (2) higher mortality during larval stage than 9 juvenile stage. 10
In general, the "bigger is better" mechanism has been tested based on the direction of 11 size-selective mortality. In a strict sense, however, negative size-selective mortality is a 12 necessary but not a sufficient condition for this mechanism to work under the theoretical 13 framework of the "growth-survival" paradigm, because negative size-selective 14 mortality does not produce any survival advantage if size is not linked to the growth rate. 15 A positive relationship of size to growth rate should be true as far as all the individuals 16 hatch at the same time and growth difference is kept; however, natural populations 17 generally have a complex structure of various ages: faster-growing smaller larvae and 18
slower-growing larger larvae may be mixed. The "growth-selective predation" is 19 testable based on the direction of growth-selective mortality at the same size. Although 20 it is not possible to identify the source of mortality by the present approach, we assumed 21 that predation is the major source of mortality for the reasons detailed in the Discussion 22
section. 23
Growth trajectories and histories of individual larvae can be pooled and arranged by 24 either calendar date or daily age within a group when they are compared between the 25 D r a f t groups of survivors and original populations. Date-based data represent temporal 1 changes in growth characteristics, while age-based data represent stage-specific changes 2 (Takasuka et al. 2004a for details). Selection (e.g. predation) occurs on variation in size 3 and growth within the population at a given moment; in other words, size-and 4 growth-selection occur as a snapshot of the population with real time. Therefore, the 5 date-based growth trajectory and history were adopted to test the "bigger is better" and 6 "growth-selective predation" mechanisms. On the contrary, the age-based growth 7
history was adopted to test the "stage duration" mechanism (see below). If any selection 8 occurs during the survival period, it would be reflected in the characteristics of the 9 survivors versus the original populations. Since it is not possible to compare the 10 characteristics during the survival period, SL at the start of the survival period (i.e. the 11 time of sampling of the original population) and the last 3-day mean growth rate 12 immediately before the start of the survival period were focused on in comparisons of 13 the survivors with the original populations to test the "bigger is better" and 14 "growth-selective predation" mechanisms, respectively. SL at the start of survival was 15 back-calculated for the survivors, whereas it was SL at the time of capture for the 16 original populations. The last 3-day mean growth rate was back-calculated for the 17 survivors and original populations. In both cases, the timing for comparison (i.e. the 18 start of survival) was consistent between the survivors and original populations in 19 calendar date. The last 3-day mean growth rate was adopted as a proxy for survival 20 potential at that time, since the last increments could reflect physiological conditions 21 (e.g. Clemmesen and Doan 1996), which would determine the selection on growth rate. 22
To test the "bigger is better" mechanism, relationship between SL and last 3-day 23 mean growth rate was examined for the original populations by a linear regression 24 analysis, and direction of size-selective mortality was examined by comparing the SL atD r a f t the start of survival between the survivors and the original populations. The mechanism 1 was evaluated to be effective if the relationship between SL and 3-day mean growth rate 2 was positive and if the size-selective mortality was directed negatively at the same time. 3
To test the "growth-selective predation" mechanism, the direction of growth-selective 4 mortality was examined by comparing the last 3-day mean growth rate before the start 5 of survival between the survivor and original populations. The mechanism was 6 evaluated to be effective if the growth-selective mortality was directed negatively. 7
However, if any size-selection occurs simultaneously under any significant relationship 8 between SL and growth rate for the original populations, growth-selection may be 9 merely due to size-selection. In such a case, the growth rate was compared in the limited 10 ranges of SL (at the start of survival) of the survivors and the original populations to test 11 if selection occurred on growth rate per se. The individuals within the ranges of SL (at 12 the start of survival) limited to 2-3 mm, in which SLs were not significantly different 13 between the two groups, were extracted for this comparison. Growth rate and SL were 14 compared between the two groups by Student's t-test or Welch's t-test, depending on the 15 results of tests of homogeneity. guanine deposition on the inside wall of the abdominal cavity were regarded as larvae 20 undergoing the initial stages of metamorphosis. Back-calculated growth histories were 21 compared between these metamorphosing larvae and non-metamorphosing larvae 22 falling within the range of daily age overlapping between these two groups to test the 23 effects of growth rates on the timing of metamorphosis. For this comparison, a 24 multivariate analysis of variance (MANOVA) was applied to 5-day mean growth ratesD r a f t from hatching up to the minimum daily age of the metamorphosing larvae (i.e. mean 1 growth rate during 6-10, 11-15,… days old for the MANOVA), using the age-based 2 data rather than date-based data, since the analysis aims at the effects of growth rates on 3 developmental changes. Mean growth rate from hatching up to the minimum daily age 4 of the metamorphosing larvae, which was calculated by dividing SL at the minimum 5 age of metamorphosing larvae minus SL at hatching of 2.9 mm (Fukuhara and Takao 6 1988) by the minimum age, was also compared between the two groups. The "stage 7 duration" mechanism was evaluated to be effective if the metamorphosing larvae had 8 higher growth rates than the non-metamorphosing larvae. 9
Results

12
Growth trajectory and history 13
The growth trajectories (Fig. 3) and histories ( The directions of size-selective mortality were variable among the cohorts and even 9 among different survival periods within the same cohort (Table 2) . Although the ranges 10 of SL at the start of survival largely overlapped between the survivors and the original 11 populations, the distribution patterns of SL and growth rate in the scatterplots were 12 more or less different between the survivors and the original populations, depending on 13 the cohort sample (Fig. 5) . Table 2 ). The distribution patterns of SL and growth rate in the scatterplots 1 differed between the survivors and the original populations at the same SL despite their 2 substantial overlapping ranges of growth rate versus SL, depending on the cohort 3 sample (Fig. 5) The last 3-day mean growth rates before the start of survival were significantly higher 10 for the survivors than for the original populations for 6 of 8 cohorts (9 of 17 pairs) 11 (Student's t-test or Welch's t-test, p < 0.01). On the contrary, the growth rates of the 12 survivors were significantly lower than the original populations for 2 of 8 cohorts (2 of 
001). 16
Three mechanisms 18
Results of the tests of the "bigger is better", "growth-selective predation", and "stage 19 duration" mechanisms are summarized in Table 3 . For the cohort sample A (autumn 20 2003), neither "bigger is better" nor "growth-selective predation" was considered 21
effective for SV-1 and SV-2 versus OP, because no selection was observed (Table 2) . 22
Only the "growth-selective predation" was considered effective for SV-2 versus SV-1, 23
as this pair showed negative growth-selective mortality but no size-selective mortality. Three functional mechanisms of the "growth-survival" paradigm were shown to 7 work simultaneously or separately in larval cohorts of Japanese anchovy in Sagami Bay. 8
The first study of this population examining the three mechanisms (Takasuka et al. 9
2004a) detected the effect of the "growth-selective predation" mechanism only. 10
However, the present work provides field evidence to demonstrate the independent and 11 synergistic operation of these three mechanisms in the short-term survival processes of 12 anchovy larvae in the study site through the tests of multiple cohorts. Although the 13 actual processes of the different mechanisms may be sometimes interconnected or 14 interactive in reality, a conceptual distinction in theory is necessary to understand how 15 growth regulates survival dynamics (Hovenkamp 1992). In this context, the tests were 16 conducted under a framework of clearly defined conditions of the operation of the 17
mechanisms. 18
Correspondence between the survivors and the original populations is an essential 19 assumption in the "characteristics of the survivors versus original populations" method 20 (Meekan and Fortier 1996). In the study site, this assumption was well supported by 21 circumstantial evidence in terms of the oceanographic features and larval recruitment 22 processes. Also, the survivors and the original populations were extracted to have 23 approximately the same mean hatching date. Moreover, the patterns of growth 24 trajectories and histories were similar within a cohort sample. Among the conditions for 25 D r a f t the mechanisms to be evaluated, two conditions remain to be tested directly: predation 1 as the direct source of mortality for the "growth-selective predation" mechanism and 2 higher mortality during the larval stage than the juvenile stage for the "stage duration" 3 mechanism. However, we regarded these conditions as basic premises, as follows. The 4 present samples were considered to pass stages right after hatching when starvation can 5 be critical. The study site is a feeding ground where food availability is relatively high 6 for anchovy larvae. Moreover, the "growth-selective predation" was directly 7 demonstrated by sampling anchovy larvae and predators by the same tows in the same 8 study site in previous studies (Takasuka et al. 2003 (Takasuka et al. , 2007a ). Hence, predation was 9 assumed to be the direct source of mortality in the study site. As to stage-related 10 mortality, mortality rate dramatically decreases with developmental stage in general 11 (Houde 1987) . This would also be true for anchovy in Sagami Bay partly because 12 juveniles were rare in the gut contents of predatory fish there (Takasuka et al. 2003) . 13
Based on these assumptions, the "bigger is better" and "growth-selective predation" 14 mechanisms were tested based on the key conditions relevant to somatic size and 15 growth rate. The results of the operation of the mechanisms (effective, contrary, or 16 non-significant) differed among cohorts, seasons and years with a great variability from 17 a viewpoint of the combinations of the mechanisms. The "bigger is better" mechanism 18 worked in favor of the survivorship of larger somatic size for 2 of the 8 cohorts, but it 19 worked conversely more frequently. In a specific case, even with the negative 20 size-selective mortality, the selection did not favor the survivorship of larger larvae 21 because of the negative size and growth rate relationship in the cohort of autumn 2004. 22
Another point of note was the changes of the operation of the mechanisms even within 23 the same seasonal cohort, as in the cohorts of spring 2004 (from being contrary to being 24 non-significant) and spring 2005-1 (from being contrary to being effective). In contrast,D r a f t the "growth-selective predation" mechanism was detected to be effective more 1 frequently and if not effective the mechanism was non-significant except for 2 contrary 2 cases. The trends of being effective, contrary or non-significant were relatively 3 consistent within the same cohort. The significance of the "growth-selective predation" 4 mechanism relative to the "bigger is better" can be theoretically explained by the 5 optimal foraging theory of predators (Takasuka et al. 2003 (Takasuka et al. , 2007a ). The present work 6 provides a practical example to support the operation of the mechanisms through a 7 multiple cohort comparison. 8
The "stage duration" mechanism could only be tested on 2 cohorts. Both cases 9 demonstrated the accelerating effects of growth rates with the timing of metamorphosis, 10 providing positive evidence for the operation of this mechanism. The "stage duration" 11 mechanism was effective even when the other 2 mechanisms were not effective or 12
contrary. In such a case, the "stage duration" mechanism could exert counter effects on 13 survivorship against the other two mechanisms. Unlike the other two mechanisms, the 14 "stage duration" mechanism deals with the cumulative effects of variability of the 15 mortality rate. Therefore, if this mechanism works simultaneously with the others, the 16 effects of those other mechanisms on survival probability throughout the larval stage 17 would be multiplied. However, the "stage duration" mechanism would not be universal 18 either, when the case of a summer cohort in 2001 of a previous study (Takasuka et al. 19 2004a) is also considered (Table 3) . Therefore, each mechanism was detected to be 20 effective at least in some cases, but none of these 3 mechanisms was universally 21 applicable over all of the cohorts available for analysis. study is in contrast to these examples. Such differences may reflect differential survival 7 strategies among different populations, species or taxonomical groups, as well as 8 differences in environments among different systems, which would be a subject of a 9 cross-sectional review in the future. 10
The present work examined short-term survival processes by collecting samples 11
repeatedly with an interval of ca 10 days. However, the sampling interval was variable 12 to some extent, and multi-pairing of the survivors and the original populations led to 13 various survival periods. If the target survival period is too short, the mechanism may 14 not be detected even when it actually operates, while the longer target period may allow 15 the mechanism to be detected easier. That is, the target survival period could affect 16 detection of the mechanisms. However, no consistent trend was observed between the 17 results of the mechanism tests and survival periods (Table 3 ). The observed variety of 18 mechanism detection should not be mainly attributed to the variation of survival period. This calculation suggests that the present study tested the selections occurring for the 6 cohorts exhibiting relatively high growth performance for this species. 7
In these contexts, however, we should be careful with the intrinsic issue of growth 8 selection. The populations comprising slower growing individuals at the earlier stages, 9 if they are then exposed to intensive selection on growth rates and slower growing 10 individuals are removed, could exhibit higher growth level and lower growth variability 11 at the later stages. Robert 
et al. (2007) discriminated the effects of fast growth and the 12 selection for fast growth to demonstrate that a strong recruitment of Atlantic mackerel 13
Scomber scombrus occurred only when larval growth rates are high and predation 14 pressure is weak. To disentangle this issue for anchovy larvae in Sagami Bay or 15 elsewhere, future studies will be required to examine the relationships among growth 16 level and variability, intensity of size-and growth-selection, predator field, and survival 17 success. Such a study framework would lead to a key step toward predicting the fish 18 recruitment dynamics based on the growth-survival relationships during their early life 19 stages. 20
In conclusion, the three different growth-based mechanisms actually regulated the 21 short-term survival processes independently and synergistically. The relative 22 contributions of the three mechanisms were nonstationary even in the same species 23 within a certain region, although the "growth-selective predation" mechanism was 24 identified to be the major one regulating survival in anchovy larvae in the study site. 25
D r a f t
The present study raises a question to the simple "growth-survival" paradigm: the 1 relationship between growth and survival appears to be much more variable and 2 dynamic than previously recognized. Further studies on the relationships among the 3 mechanisms, growth level, intensity of growth selection, and predator field in terms of 4 their annual and seasonal changes would contribute to understanding the survival 5 mechanisms during the early life stages of pelagic fish. Table 2 . Engraulis japonicus. Summary of the tests of the conditions for the "bigger is 1 better" and "growth-selective predation" mechanisms. Table 3 . Engraulis japonicus. Summary of the test results of the "bigger is better", 1 "growth-selective predation", and "stage duration" mechanisms for the short-term 2 survival processes of multiple cohorts of anchovy larvae in Sagami Bay. 3 4 Note: "Effective" indicates that the mechanism was detected to be effective; 5 "Contrary" indicates that the mechanism was detected to be contrary; "NS" indicates 6 that the mechanism was non-significant. The test results of the "stage duration" Metamorphosing larvae Non-metamorphosing larvae Metamorphosing larvae Non-metamorphosing larvae Fig. 7 
